OBJECTIVE -To compare the effectiveness of tele-screening using a novel enhanced retinal thickness analyzer (RTA) with onsite routine ophthalmologic examination for diabetic retinopathy.
D
iabetic retinopathy is a leading cause of visual impairment and blindness in developed countries. Macular edema is the major cause of vision loss in diabetic patients, while proliferative retinopathy is another common cause (1) . An annual clinical examination of dilated pupils by an ophthalmologist is the current gold standard of care for reducing diabetes-related ocular complications in patients with no or mild diabetic retinopathy (2) . In the Early Treatment Diabetic Retinopathy Study (ETDRS), this led to a reduction of moderate visual loss by 50% (3).
In many countries, an effective population-based screening cannot be offered by ophthalmologists and is performed by optometrists or general practitioners (4). One possible way to increase the number of ophthalmologically monitored diabetic patients is teleophthalmologic examination by a specialist (5-9). The gold standard of photographic documentation consists of seven stereoscopic fundus photographs, as defined by the ETDRS, requiring expensive equipment and a skilled photographer (10). Consequently, a number of alternative photographic methods have been evaluated for this purpose and are potentially able to identify patients requiring laser treatment (11).
Recently, methods such as digital photography utilizing nonmydriatic stereo color fundus cameras (12) or mydriatic, monochromatic fundus cameras (13) were investigated. Nonstereo photography facilitated photography. Monochromatic photography with adequate red-free illumination is less expensive and may be superior to color photography (13) (14) (15) . However, with nonstereo photographic methods, retinal proliferations are detected well but diabetic macular thickening cannot be detected. Therefore, all nonstereo methods require additional information about retinal thickness for accurate assessment of macular edema, as visual acuity provides only limited information (16) . The retinal thickness analyzer (RTA; Talia Technology, Neve-Ilan, Israel) is an optical imaging instrument that allows objective, accurate, and quantitative measurement of retinal thickness. It has been shown to be more sensitive than slit-lamp biomicroscopy and photography in detecting localized areas of retinal thickness and may even demonstrate retinal thickening before retinopathy is diagnosed in diabetic patients (17) (18) (19) . For this purpose, the RTA has been reported to be at least equivalent to another optical imaging instrument allowing macular thickness measurements, the Optical Coherence Tomograph (ZeissHumphrey Instruments, San Leandro, CA) (20) . The newest generation of the RTA is equipped with an improved monochromatic fundus camera and new software that generates a report intended for teleophthalmologic screening in diabetic retinopathy, combining the information from fundus photography and retinal thickness measurement. In this study, we investigated the diagnostic accuracy of diabetic retinopathy by ophthalmologists, based solely on this report, and compared it with onsite examination by retina specialists.
RESEARCH DESIGN AND METHODS -Consecutive patients were recruited from the outpatient clinic of the Department of Ophthalmology, Ludwig-Maximilians-Universitä t, Munich. Patients were included if they had diabetes (based on World Health Organization criteria) for at least 3 years. Eyes were excluded if there were eye diseases other than diabetic retinopathy or media opacities preventing adequate funduscopy.
Performance of eye examination
All patients underwent complete ophthalmological examination, including a dilated (1% tropicamide) stereoscopic fundus exam with slit-lamp biomicroscopy by one of three experienced retinal specialists (M.J.T., U.C.W.-L. and M.W.U.). The level of diabetic retinopathy and macular edema was assessed using the International Clinical Diabetic Retinopathy Severity Scale (21) . Additional tests, such as fluorescein angiography, were performed if needed. Based on this information, the specialist decided whether treatment was necessary based on the Diabetic Retinopathy Study (DRS) (22) and ETDRS criteria (3). The decision was recorded in the chart and served as a reference. Pars plana vitrectomy (PPV) was performed if long-standing macular edema refractory to conventional treatment and an attached taut posterior hyaloid existed (23) (24) (25) .
RTA diabetic retinopathy screening After informed consent was obtained, scanning with the RTA was performed with software version 4.11B on all patients. The RTA is a quantitative and reproducible method to evaluate retinal thickness that can sensitively detect localized areas of macular thickening (20, 26) . The principles of measurement have been described in detail elsewhere (27, 28) . Briefly, a helium green neon laser beam (543 nm) is projected onto the retina at an angle, similar to a slit-lamp biomicroscope, and a charge-coupled device (CCD) camera records the backscattered light from the vitreoretinal and chorioretinal interfaces. The digitized fundus picture is used to calculate retinal thickness. The RTA simultaneously projects 16 slits covering a 3 ϫ 3-mm area on the retina. In five overlapping scans, the posterior pole is imaged and a retinal thickness map composed. An improved red-free monochromatic fundus camera allows a new screening mode for diabetes consisting of the usual five scans to generate the thickness map of the posterior pole and six additional, more peripheral fundus photographs. The duration of each scan is 300 ms, and total scanning time is ϳ3-5 min per eye. The fundus photographs are automatically mounted to create a wideangle, red-free fundus picture (Fig. 1A ) covering an area of ϳ80°horizontally and 60°vertically. If some scans are decentered or do not pass internal quality control due to insufficient fixation or media opacities, the composed wide-angle photograph covers a smaller area. Therefore, any significant change in the covered area of the composed photograph (Ͼ15%) is separately listed in this study.
The final report of the RTA's diabetic retinopathy screening mode combines the wide-angle fundus picture described above and a retinal thickness map of the posterior pole (Fig. 1B) . Areas with retinal thickness beyond the normal population range are color coded toward red and marked dotted in the thickness map. A dashed circle (radius 750 m) centered at the foveal fixation is printed on the thickness map and the fundus picture to mark the central foveal avascular zone.
Image interpretation by trained graders All reports generated by the RTA consisting of the monochromatic wide-angle photograph, the retinal thickness map, and posterior pole thickness indexes were printed in color with an ink-jet printer on regular paper. These reports were independently graded by three retina specialists (A.S.N., S.G.P., and C.H.). The graders had not previously participated in examination of the patients. Additional information, such as visual acuity, duration of diabetes, or clinical symptoms, were not used for grading. The grader, however, could decide not to grade a report due to insufficient picture quality. In an attempt to simulate a teleophthalmologic setting, the graders had to decide on retinopathy, maculopathy, and further treatment. Cases that were found to need further action or that could not be graded were considered for referral to an ophthalmologist in the simulated telescreening setting. The presence of proliferations requiring panretinal laser photocoagulation and presence of a significant grade of diabetic macular edema requiring focal laser coagulation had to be assessed by all graders (21) . The decisions of the graders were based on the same criteria as the clinical decisions, mainly based on the DRS (22) and ETDRS criteria (3).
Statistics
Data were collected in a Microsoft Excel 2000 spreadsheet (Microsoft, Unterschleissheim, Germany) and analyzed using SPSS 11.0 for Windows (SPSS, Chicago, IL). On all tests, P Ͻ 0.05 was considered significant.
RESULTS -A total of 36 eyes from 18 patients were included in the study. Five eyes from five patients were excluded, one with intraocular melanoma, two with dense vitreous hemorrhages making funduscopy impossible, and two with signs of age related maculopathy. Thus, a total of 31 eyes, with a mean patient age of 64 Ϯ 10 years (means Ϯ SD; range 48 -81), was included.
Clinical grading of diabetic retinopathy Fluorescein angiography was done in addition to funduscopy in five eyes. On clinical examination, fi ve eyes were diagnosed with proliferative diabetic retinopathy (PDR) and 26 eyes with nonproliferative diabetic retinopathy (NPDR) ( Table 1) . Macular edema was diagnosed according to international clinical diabetic retinopathy criteria as none in 3 eyes, mild in 3, moderate in 8, and severe in 17 (Table 1 ). All five eyes diagnosed with PDR showed severe macula edema. Of the 12 eyes with NPDR and severe macular edema, 6 received either focal or grid laser treatment. PPV was performed in one eye, and no action was taken for macular edema in five eyes. The decision for taking no action in spite of severe macular edema was based on ischemia in fluorescein angiography (two eyes) or longstanding unchanged macular edema despite multiple treatment sessions and visual acuity Ͻ0.1 Snellen (three eyes).
Of the five eyes diagnosed with PDR, three underwent panretinal photocoagulation and, in two, PPV was performed due to the severity of traction and media opacities (nos. 9 and 10 in Table 1 ). Overall, in 19 of 31 eyes (61%), no action at all was recommended (Table 1 ).
Technical quality of RTAs
The full wide-field fundus photograph was available in 15 of 31 (48%) eyes. In eight (26%) eyes, some degree of reduction was observed, with more than 15% but no more than 30% of the total area missing, and at least two disc areas covered nasally. In eight eyes, a larger reduction of the photographic field was observed. In three of those eight eyes, this marked reduction was caused by vitreous hemorrhage due to PDR and, in the remaining five, by a reduced ability to fixate the target point during image acquisition. Scanning patients by RTA was possible in all cases in which funduscopy was possible. However, the composed fundus picture differed in quality according to media opacities and the ability of the patient to cooperate. Sufficient focus of the image was achieved in all but one case (no. 23 in Tables 1 and 2) , in which only a blurred or restricted image was obtained. As it was also difficult to grade this eye on biomicroscopy, additional fluorescein angiography was carried out but revealed no maculopathy that required treatment. In summary, in 23 of 31 (74%) eyes, a wellfocused, wide-field photograph could be obtained.
In all cases, a retinal thickness map covering the posterior pole could be obtained. Mean foveal thickness was 246 Ϯ 99 m (range 130 -466). Mean foveal thickness was 142 Ϯ 12 m in the three eyes with no macular edema on clinical investigation, 185 Ϯ 27 m in the three 
It can be seen that although the center of the macula is only slightly thickened to 187 m, a somewhat thickened area is measured by the RTA temporal to the fovea. This thickened area is marked by dots. On clinical assessment, focal laser treatment was not yet indicated (see no. 19, Table 1).
eyes with mild edema, and 174 Ϯ 27 m in the eight eyes with moderate edema. A significantly increased thickness of 309 Ϯ 91 m was found in the 17 eyes diagnosed with severe macular edema (P Ͻ 0.001 Mann-Whitney U test). Visual acuity showed a significant correlation with the measured foveal thickness (r ϭ Ϫ0.41, P ϭ 0.02). Eyes with severe edema also showed a significantly (P Ͻ 0.001) reduced visual acuity compared with the other groups.
Detection of retinopathy by RTA All three graders graded all reports for both level of diabetic retinopathy and macular edema. Overall, a good correlation between the three graders regarding PDR was achieved (Spearman's ϭ 0.4 -0.6, all P Ͻ 0.05). PDR was diagnosed by grader A in two cases, grader B in eight cases, and grader C in six cases ( Table 2 ). Eyes that were not gradable (grader A one eye, grader B two eyes, and grader C one eye) were considered as referrals for PDR. All five eyes with clinically diagnosed PDR were detected by graders B and C, while grader A detected four of the five eyes as requiring further treatment (Table  3) . With the clinical diagnosis of PDR as a reference, a sensitivity of 100% for graders B and C and 80% for grader A is derived. It should be noted, however, that only some of the patients were referred because of the diagnosis of PDR (for panretinal photocoagulation): two by grader A, three by grader B, and four by grader C. The others were referred because of coexisting macular edema (Table 3) . This indicates that neovascularization was not correctly realized by the graders in one of five (20%; grader C) to three of five (60%) of the cases. Specificity for PDR diagnosis was 73% (19 of 26; grader B), 88% (23 of 26; grader C), and 96% (25 of 26; grader A).
Detection of macular edema
Better results were achieved for the diagnosis of macular edema. Correlation between the three graders was very high (Spearman's ϭ 0.5-0.8, all P Ͻ 0.01). All seven cases with macular edema treated according to clinical decision (six focal laser coagulations and one PPV) were also referred for treatment by all three graders (sensitivity 100%). Of 17 eyes with clinically severe macular edema, none (grader C), one (grader B), and three (grader A) eyes were not referred for treatment. Among eyes in which no treatment was found necessary on clinical assessment, depending on the grader, between six and eight eyes, i.e., 19 -26%, were referred for treatment of macular edema (Table 3) . Among these eyes, additional diagnostics were needed by the clinician in only zero to two cases. With the clinical diagnosis as reference, the RTA-based referral for treatment of macular edema yields a relatively low specificity of between 58% (11 of 19; grader C) and 68% (13 of 19; grader A).
CONCLUSIONS -In this study, we have shown that the new tele-screening algorithm of the RTA is a sensitive means of detecting diabetic retinopathy in need of referral for specialist treatment. The combination of a wide-field composite fundus photograph and precise thickness measurement of the macula allows effective screening in the setting used for the study. When applied in a primary care unit, even better results may be expected because, in our patient series, 5 of 31 (16%) eyes had PDR and only 3 of 31 (10%) had no evident diabetic fundus changes. In contrast, in a common screening setting, Ͼ60% normal eyes and only 7% sight-threatening changes are expected (4), thereby greatly reducing the amount of patients who are difficult to 
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DIABETES CARE, VOLUME 26, NUMBER 10, OCTOBER 2003image due to advanced retinal changes impairing fixation. Nevertheless, the screening characteristics obtained for the RTA are comparable to those obtained by ophthalmologists (29) or by trained optometrists in a primary setting, where 87% sensitivity and 91% specificity for sight-threatening eye disease is yielded (4).
Photography
Numerous protocols have been evaluated for tele-screening based on photographs alone. The seven stereo-photographs required by the EDTRS offer excellent test characteristics for both PDR (10) and macular edema (30) . However, such photographs require high skills from the phot o g r a p h e r , a r e c o s t l y a n d t i m econsuming, and are therefore not ideal for primary screening. The EDTRS photographs cover 75-65°of the central retina. A single 60°nonstereoscopic fundus picture covering 60% of this area was found not to be sensitive enough for screening purposes (31) . Two 60°fundus photographs, one macula and the other optic disc centered, cover 80% of the area imaged by EDTRS photographs and even add some areas, making it unlikely to miss areas of neovascularization (32) . In a primary care setting, two 45°fundus photographs, one centered on macula and one centered on the optic disc, offer good screening characteristics (16) . It has also been shown that 80% of the neovascularizations identified within two 60°photo-graphs were also detected on two 45°p
hotographs (33) . The area covered by the mounted photographs of the RTA cover approximately the area of a foveacentered 60°and disc-centered 45°pho-tograph. This is sufficient for detecting most areas of neovascularization. In our study, all patients with PDR had neovascularization apparent on the fundus photographs. On the two-dimensional photographs of the RTA report, however, some of the neovascularizations were falsely graded as hemorrhages or old membranes in eyes having undergone previous panretinal photocoagulation. Still, only one of three graders missed only one eye with sight-threatening changes.
In a primary care screening, it is very important to sensitively detect early diabetic changes such as microaneurysms. Those early changes are more easily detected by red-free black-on-white photography than on color photographs (34) . As the RTA operates with a green heliumneon laser and a black-on-white fundus camera, it meets those requirements. Additionally, by automatically composing several high-resolution images, it is possible to combine high resolution and a wide-angle view. The RTA easily meets the required 50 pixel per angle of view (13) , with a resolution of 1,200 ϫ 1,200 pixels in an ϳ80°image. In our series, however, we observed several patients in whom the RTA's composed fundus image showed not the full wide-angle but a constricted image. This can be explained by reduced patient compliance and difficulties with fixation that would also complicate conventional photography. Another factor may be the operator's learning curve with the new screening algorithm. Interestingly, low image quality with a reduction of the area covered on the fundus photograph is frequently found with advanced NPDR and PDR reflecting media opacities and poor fixation. Consequently, if no adequate picture is produced, high suspicion of the grader is indicated. In a primary care setting, those patients should be referred to an ophthalmologist.
Retinal thickness maps
In contrast to detecting PDR, where applying only fundus photographs is sufficient for detecting macular edema nonstereoscopic, photographic screening schemes alone are not well suited (35) . The RTA was designed to detect macular thickness and offers excellent imaging characteristics (17, 18, 36) . It is similar to another instrument, the optical coherence tomograph, and allows an even more sensitive detection of macular edema than stereoscopic fundus examination by a retina specialist (20, 26) . A cutoff of 180 m has been proposed for foveal thickness to define diabetic macular thickening (19) . Given this, 20 of 31 (65%) eyes included in this study had abnormal foveal thickening. The RTA's high sensitivity for retinal thickening at the posterior pole may explain the high number of proposed focal laser photocoagulations by the graders and that no macular edemas were missed. On clinical assessment, some of the proposed focal laser treatments were not performed due to ischemia on fluorescein angiography and some because of a history of several prior unsuccessful treatments. Neither of these factors were known to the graders. On the other hand, there may even be some cases in which a retinal thickening clearly shown on the RTA did not reach clinical significance but the patient might still benefit from focal laser treatment. In this regard, it should be emphasized that the low specificity we observed for detection of macular edema in need of treatment, when compared with clinical diagnosis, may actually reflect the very high sensitivity of the RTA. Indeed, we expect that novel imaging techniques such as the RTA or optical coherence tomography will redefine the term "clinically significant macular edema" and the indications for treatment.
The new screening mode of the RTA combines two imaging modalities: a wide-angle, red-free black-on-white fundus photograph and a detailed map of retinal thickness at the posterior pole. The composed fundus photograph covers a sufficient area to detect neovascularizations at good resolution. Using this combination, we achieved mean 93% sensitivity for diagnosis of PDR and 100% for macular edema when compared with clinical examination. Specificities ranged between 58 and 96% in a simulated telescreening setting in the retina outpatient clinic of a university hospital. In summary, screening for diabetic retinopathy, with the combination of a digital wideangle fundus photograph and additional thickness information (such as given by optical coherence tomography or the RTA maps), meets the prerequisites for establishing a tele-screening program.
